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The Notch pathway is a widely studied means of to the protein target via the E3 ubiquitin ligase. The E3
ubiquitin ligases are responsible for conferring target orintercellular signaling responsible for the
determination of cell fate, cell differentiation, and substrate specificity.
boundary formation (reviewed in [1, 2]). The main
effectors of this pathway, Notch (N) and Delta (Dl), Several recent studies have implicated ubiquitination as
have been shown to function as a receptor and a potential regulatory mechanism involved in N signaling.
ligand, respectively. Genetic and phenotypic studies The molecular characterization of Suppressor of deltex, Su
suggest that Neuralized (Neu), a RING finger (dx), which has been shown to genetically interact with
protein, also plays a role within the N-Dl pathway, N, revealed that it encodes a HECT domain found in
although its biochemical function is unknown. proteins that possess E3 ubiquitin ligase activity [6]. Al-
Here, we show that Neu is required at the plasma though a direct role for Su (dx) in the ubiquitination of
membrane for functional activity and that its RING Notch (N) has not yet been shown, a related mammalian
finger domain acts as an E3 ubiquitin ligase. These protein called Itch has been shown to interact with and
data suggest that the role of Neu is to target ubiquitinate N in vitro and in human Jurkat cells [7].
components of the N-Dl pathway for ubiquitination, Further genetic evidence implicating ubiquitination in N
allowing for propagation and/or regulation of the signaling comes from observations that mutations in the
signal. 2 and 6 subunits of the 20S proteasome cause N gain-
of-function phenotypes during sense organ developmentAddresses: *Program in Developmental Biology, †Program in Cell
inDrosophila [8]. These mutations also increase the stabil-Biology, The Hospital for Sick Children, 555 University Avenue,
Toronto, Ontario, Canada M5G 1X8. ‡Department of Zoology, ity of an ectopically expressed activated form of N, sug-
§Department of Medical Biophysics, ¶Department of Molecular and gesting that activated N is targeted to the proteosome for
Medical Genetics, University of Toronto, 1 Kings College Circle, degradation. Taken together, these data strongly suggestToronto, Ontario, Canada M5G 1A1.
that the N pathway utilizes ubiquitination for proper sig-
naling during development.Present address: ¥AMGEN, 600 University Avenue, Toronto, Ontario,
Canada.
Here, we show that the function of Neu, another compo-Correspondence: Gabrielle L. Boulianne
E-mail: gboul@sickkids.on.ca nent of the N pathway, may also be to target proteins for
ubiquitination. neu was first identified as a recessive loss-
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in Notchmutants. Recently, we have shown, using mosaic
Published: 30 October 2001 analysis, that neu functions cell autonomously to receive
or propagate the N signal [9]. However, the biochemical
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function of Neu was unknown. Comparison of Neu se-
quences from Drosophila, Caenorhabditis elegans, and hu-0960-9822/01/$ – see front matter
 2001 Elsevier Science Ltd. All rights reserved. mans reveals the presence of two neuralized homology
repeats (NHR) and a conserved carboxy-terminal C3HC4-
type RING finger, suggesting that these regions may be
important functional domains within the protein (Figure
1a) [10]. Interestingly, recent findings have shown thatResults and discussion
RING finger domains of the type found in Neu mayUbiquitination has been shown to be an important mecha-
function as E3 ubiquitin ligases [11], raising the possibilitynism utilized by the cell to regulate many different events
that Neu also functions in the ubiquitination pathway.such as proteolysis, protein degradation, cell cycle control,
and receptor-mediated signal transduction [3–5]. Polyubi-
quitination of proteins involves a series of enzymatic reac- To determine if the RING finger domain of Neu is func-
tionally important, we generated transgenic flies that ex-tions involving E1 ubiquitin-activating enzymes, E2 ubi-
quitin-conjugating enzymes, and E3 ubiquitin ligases [3]. pressed two specific Neu deletion constructs. The first
construct deletes the C terminus from amino acid 656,Free ubiquitin molecules are covalently attached and are
passed from the E1 enzyme to the E2 enzyme and finally thereby removing the RING finger (T22). A second con-
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Figure 1
Neu constructs used in genetic studies. (a)
Comparison of neu from Drosophila, C.
elegans, and human reveal the presence of
two NHR repeats and conservation of the
RING finger domain (modified from [10]). (b)
Myc-tagged neu constructs were generated
under the transcriptional control of the UAS
promoter. T6 represents a full-length neu
cDNA with a C-terminal Myc tag. T22 consists
of a neu cDNA with a deletion from amino
acid 655 that removes the RING finger
domain. T42 deletes the two NHR regions,
leaving the C-terminal RING finger domain
intact. Both T22 and T42 have an N-terminal
Myc tag.
struct deletes the NHR regions (amino acids 59–427), throughout the cytoplasm (Figure 2c). Similar membrane
localization of T22 and cytoplasmic localization of T42leaving the RING finger intact (T42). These constructs,
as well as one expressing a wild-type neu transgene, were was observed in third instar salivary glands (data not
shown), indicating that this effect is not tissue specific orMyc-tagged and placed under the transcriptional control
of the GAL4/UAS system and were used to generate dependent on Notch signaling. Taken together, these
data suggest that wild-type Neu is localized to the plasmatransgenic flies (Figure 1b).
membrane and that the NHR regions of the protein are
required for proper localization.As previously shown, expression of a full-length Myc-
tagged neu transgene using the scabrous-GAL4 line (which
is expressed in proneural clusters in third instar wing TheMyc-tagged constructs were then tested to determine
if they could rescue a null neu mutation (neuIF65). Specifi-discs) revealed that full-length Myc-tagged Neu (T6) is
localized at the plasma membrane (Figure 2a, [9]). This cally, we wanted to determine if the RING finger domain
is required for Neu function. Using a patched-GAL4 lineplasma membrane localization is also seen in third instar
salivary glands [9], where N signaling has not been shown to drive expression during embryogenesis, we found that
both a wild-type neu construct and the full-length Myc-to be active, suggesting that the localization of Neu is not
influenced byN signaling. Transgenic flies that expressed tagged neu construct (T6) were able to partially rescue
neuIF65 embryos (Figure 3). Whereas neu mutant embryosa truncated form of the protein containing only the N-ter-
minal 655 amino acids but lacking the RING finger (T22) are characterized by a hypertrophy of the nervous system,
the nervous system in rescued embryos was less ex-were also found to localize the Neu protein to the plasma
membrane (Figure 2b). In contrast, a Neu construct in panded, and some fasciculation was restored (Figure 3d).
The extent of rescue obtained with the Myc-tagged con-which the two NHR regions have been deleted, leaving
the RING finger domain intact (T42), was distributed struct was equivalent to that observed with a wild-type
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Figure 2
Neu localizes to the plasma membrane. (a)
scabrous-GAL4 expression of full-length
Myc-tagged Neu (T6) shows protein
localization at the plasma membrane in a third
larval instar imaginal wing disc. (b) Neu protein
that lacks the RING finger (T22) is also
localized at the plasma membrane. (c) In
contrast, the Myc-tagged RING finger
domain (T42) is found throughout the
cytoplasm. All panels show anti-myc staining
in red and anti--spectrin staining in green.
Immunocytochemistry was performed as
described previously [17]. Primary antibodies anti--spectrin, 1:100 (D. Branton). FITC- were obtained using a Leica confocal
were used at the following dilutions: mouse conjugated donkey anti-rabbit and Cy3- microscope and a PC computer running
anti-22c10, 1:10 (hybridoma bank); mouse conjugated donkey anti-mouse (Jackson Labs) Scanware (Leica). Pseudo color was added
anti-myc, undiluted (hybridoma bank); rabbit were used at 1:200. Confocal images to confocal images using Adobe PhotoShop.
neu construct, demonstrating that the presence of theMyc anti-neurogenic phenotype. That is, the nervous system
was greatly reduced in neu mutant embryos rescued withtag does not alter the function of the protein (Figure
3c). The failure to obtain complete rescue with either this construct. In mutant embryos expressing this con-
struct, the Neu protein is distributed throughout the cyto-construct likely reflects the fact that the ptc-GAL4 line
used to drive expression does not completely mimic neu plasm, suggesting that the RING finger must be localized
to the plasma membrane to rescue neu activity and thatexpression during embryogenesis. The N-terminal con-
struct (T22), which lacks the RING finger domain, was the NHR domains of the protein are required for this
localization. This result is comparable to those obtainedunable to rescue neu mutant embryos, despite the fact
that the protein was expressed and localized to the plasma in ectopic expression studies using various Neu constructs
[12]. That is, ectopic expression of a RING finger-onlymembrane. This suggests that the RING finger domain
of Neu is required for activity of the protein. Consistent construct caused phenotypes suggestive of a hypermorph
in some N-dependent developmental paradigms.with this, we found that Neu constructs that retain the
RING finger domain (T42) but lack the NHR domains
also fail to rescue neu mutant embryos and appear to Further evidence that the RING finger domain is func-
tionally important for Neu activity comes from sequencebehave as gain-of-function mutations, giving rise to an
Figure 3
The Neu RING finger domain is required for
function. Using anti-HRP antibodies, which
label the nervous system of embryos, both (c)
wild-type neu and (d) full-length Myc-tagged
neu expressed under the transcriptional
control of the ptc-GAL4 driver can partially
rescue the neuIF65 neurogenic phenotype
(compare with wild-type and neuIF65 embryos
in [a] and [b]). (e) A Neu construct that lacks
the RING finger domain (T22) is unable to
rescue neuIF65 mutant embryos, (f) while
rescue by the RING finger domain (T42)
yields a gain-of-function-like phenotype. (g)
Introduction of the C701S mutation into the full-
length neu construct (T6) also fails to rescue
neu mutants. For these experiments, Myc-
tagged neu constructs under UAS control
were introduced into flies by standard P
element-mediated transformation [18]. The
C701S mutation was generated using the
Quickchange method (Stratagene) and was
confirmed through sequencing. Several
independent lines on each chromosome were
generated for each construct, and two of
these were tested in the rescue assay. Data
are shown for one representative line for each
construct.
1678 Current Biology Vol 11 No 21
Figure 4analysis of an EMS-induced neu allele. neuEMS1 fails to
complement other known neu alleles and gives rise to
an embryonic neurogenic phenotype. Genomic sequence
analysis of neuEMS1 revealed a single point mutation within
the coding region that would give rise to a truncated
protein due to the introduction of a premature stop codon
at amino acid 458. This mutation would be expected to
give rise to Neu protein lacking a functional C-terminal
RING finger.
The recent finding that RING fingers may confer E3
ubiquitin ligase activity suggested thatNeumay also func-
tion in this manner. To directly test this possibility, the
following GST fusion proteins were made: a full-length
GST-Neu protein, GST-NeuRING (Neu N-terminal
region from amino acids 1–423 that lacks the RING finger
domain), and GST-NeuRING (Neu protein from amino
acids 631–754 containing the RING finger). A fourth fu-
sion protein consisting of the RING finger domain with
a cysteine to serine mutation in the absolutely conserved
cysteine residue at position 701 was also made (GST-
NeuRINGC701S). These fusion proteins were then
tested in an in vitro assay that measures the ability of a
protein to catalyze the formation of multiubiquitin chains
in a reaction containing E1 and E2 enzymes, ubiquitin,
and ATP. The addition of a protein with E3 ubiquitin
ligase activity (as a GST fusion protein) leads to polyubi-
quitination of the GST-E3 fusion protein that can be
detected by probing Western blots with anti-ubiquitin
(Figure 4). In this assay, both the full-length GST-Neu
(Figure 4a, lane 2) and the RING finger domain GST-
NeuRING (Figure 4b, lane 2) had E3 ligase activity, as
revealed by the presence of polyubiquitinated products.
Reactions lacking the essential E2 subunit do not contain
Neu functions as an E3 ubiquitin ligase. GST-Neu fusion proteins werepolyubiquitinated proteins, nor did those containing GST
generated and tested for ubiquitin ligase activity. In both panels,alone, demonstrating the specificity of the activity con- there are 9 lanes per blot. Lanes 1, 4, and 7 contain the GST fusion
ferred by the GST-Neu fusion proteins. Neither Neu pro- protein only, lanes 2, 5, and 8 () contain the in vitro reaction
including E2 enzyme, and lanes 3, 6, and 9 () contain the in vitrotein lacking the RING finger domain, GST-NeuRING
reaction without the E2 enzyme. (a) Full-length Neu (GST-Neu)(Figure 4a, lane5), nor a mutant Neu RING finger, GST-
functions as an E3 ubiquitin ligase, as revealed by the presence ofNeuRINGC701S (Figure 4b, lane 5), had E3 ligase activ- ubiquitin-positive higher molecular weight products. Neu protein
ity. Taken together, these results show that Neu can lacking the RING finger (GST-NeuRING) does not have any
enzymatic activity. A GST control reveals no enzymatic activity. (b)catalyze the formation of multiubiquitin chains in an E2-
The isolated RING finger domain (GST-RING) is sufficient to conferdependent manner, demonstrating that, in vitro, Neu func-
E3 ubiquitin ligase activity. A specific mutation in the RING fingertions as an E3 ubiquitin ligase or as part of an E3 complex domain (GST-RINGC701S) abolishes enzymatic activity, indicating
and that this activity requires the RING finger domain. that this conserved cysteine is required for RING finger function.
The in vitro ubiquitination assays containing 0.6–1.0 g GS-bound
GST-Neu fusion proteins, 2 l bacterial lysate containing UbcH5b
Finally, to further demonstrate that the RING finger is (a gift from Kazuhiro Iwai), and 500 nM yeast E1 (Affinity UW 8545)
essential for Neu activity in vivo, we introduced the were carried out as described by Lorick et al., 1999 [11]. The
reaction mixture was resolved by SDS-PAGE, and ubiquitinatedC701S mutation in the RING finger into the UAS vector
proteins were detected by Western blot analysis using monoclonalcarrying the full-length Myc-tagged Neu (T6). As shown
anti-ubiquitin antibody (CHEMICON MAB1510).
in Figure 2, the wild-type version of this construct ex-
presses Neu at the plasma membrane (Figure 2a) and is
capable of rescuing neu mutant embryos (Figure 3d). We
predicted that if Neu also functions as an E3 ubiquitin in vivo and that this would result in a lack of rescuing
activity. Indeed, when the C701S mutant was introducedligase in vivo, then the C701S mutation that abolishes
activity in vitro would also lack ubiquitin ligase activity into neu mutant embryos as described earlier, the UAS-
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